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1. Introduction 
The chemical basis of the specificity of protein- 
nucleic acid interaction, as seen in many biochemical 
phenomena such as the organization of nucleo- 
protein complexes (~hro~atin. ribosomes) and gene 
expression and its regulation, IS not yet understood. 
A knowledge of such specific interactions is also 
essential for tracing the chemical evolution of life 
based an the coupling between protein and nucleic 
acid and the origin of genetic code [I ,I?]. From the 
threshold con~entratioll required for precipitation, 
the interaction of basic polypeptides with nucleotides 
was shown to be base specific (3.4). The affinity of 
oligopeptides, especially those containing aromatic 
amino acid residues, to DNA was found to depend on 
the sequence f5,6]. The ORD studies on basic poly- 
peptide-il~~~leotide complexes have shown that the 
binding specificities are related to the ease of poly- 
peptide helix formation and to the tendency of the 
bases to stack 171. Thus a variety of interactions can 
occur, depending on state of pofy~~~erizatio~~, compo- 
sition, sequence, confornlation, and environment of 
the reacting species. However, all the data so far avail- 
able are of a qualitative nature. Thus we have been 
trying to evaluate the thermodynamic parameters of 
the interaction by various methods such as NMR, 
gel-filtration, equilibrium dialysis and solubility mea- 
surements. Here we wish to report our results of 
solubility T~leasurel~~ents o  amino acid- nncleoside 
systems. 
The interaction between aminoacid and nucleoside 
is so weak that one cannot study it by conventional 
spectroscopic techniques. But the n~easLire~~lent of 
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solubility of one component in presence of the other 
offers a good and simple method of following such 
weak interactions, The method is based on the assump. 
tion that the increase in solubility of one component 
in the presence of the other corresponds to complex 
formation. Various authors have used solubility mea- 
surements to study weak interactions of biological 
interest such as DNA-denaturant interaction [8,9]. 
protein-denaturant interaction ~10.1 I], amino acid- 
amino acid interaction stabilizing tertiary structure 
of proteins [17-J, nucleic acid base-water interaction 
[ 131, substituted uraci~-pentapeptide interaction 
[ 141 and purine-amino acid interaction { f 51. Thus 
it seems quite reasonable to extend the solubility 
method to study. quantitatively, protein--nucleic 
acid interactions starting from n7onoiller--niononler 
systems. The solubility data presented here do show 
a sort of selectivity in nu~~eoside-aillil~o acid mter- 
action, which in principle can give rise to the specific- 
ity of interaction observed at the polymer level. 
The unusually high solubiIity of Phe in uridine fl.J) as 
compared with other nucleosides and the preferential 
interaction of Gly with guanosine (G) as compared 
with adenosine (A) are examples of such selectivity. 
Purine-amino acid complexes are stabilized mainly 
by hydrophobic and stacking interactions. The 
relevance of these findings in tracing the evolution of 
genetic code is also discussed. 
2. Materials and methods 
Amino acids and nucleosides used were obtained 
from Sigma Chemical to. MO. For purines, the solu- 
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bility of nucleoside in amino acid solutions was 
measured. With pyrimidines, because of their high 
solubility, the same method is difficult to apply and 
hence the solubility of amino acid in nucleoside solu- 
tions was measured. To amino acid (or nucleoside) 
solutions of varying concentration containing 0.3 M 
NaCl, excess of nucleoside (or amino acid) was added, 
kept at 20°C or 25°C for 7 days with frequent shaking, 
the undissolved nucleoside (or amino acid) was filtered 
off using millipore filters, and the concentration of 
the nucleoside (or amino acid) in the filtrate was 
estimated spectrophotometrically after appropriate 
dilution. All the solutions had a pH in the range 
5.3-5.7. The spectra were recorded using either a 
Cary-14 or a Beckman Model-25 Spectrophotometer. 
Where possible, literature values of extinction coeffi- 
cients were used for calculation [ 161. 
2.1. Calculatiotl of equilibrium constant 
It is assumed that the increase in solubility of a 
component B in a solution of A is due to complex 
formation: 
Case I, 1: 1 Complex: 
A+B-- A AB; K, (M) = '4k;' 
Let n be the molar concentration of complex formed, 
K, the solubility of B in pure solvent (i.e., in the 
absence of A) and [A], and [B], the total concen- 
trations of A and B in the liquid phase, respectively: 
WI, = PI +n, PI =K, 
~~l=t~lo-~=t~l,-~~lo+~, 
[AB] =VZ= [B], -KS 
Substitution of above relations in the expression for 
K, gives: 
PI, = .“:, [Al, +K, 
s d 
Case II, 1:2 Complex: 
A + 2B e AB2 ; K, (M*) = 
PI PI2 
L% I 
Using the above notations: 
[B], = [B] + ?,n, [B] = K, 
PI, ~ K, 
[A] = [A], -II= [A], - --r- 
PI, -K, - 
[AB] = II = --F 
Substituting these in the expression for Kd gives: 
WI, = K.;7; [Al, +k’ 
s d 
(2) 
In both the cases Kd can be calculated from the slope 
and intercept of a plot of [B], vs [A], . 
3. Results and discussion 
Typical solubility curves for nucleoside in amino 
acid solutions and amino acid in nucleoside solutions 
are shown in fig.1 and 2, respectively. The curves are 
almost linear with different slopes for different amino 
acid-nucleoside systems. From the slope, the disso- 
ciation constants (Kd) were calculated using eq. (1). 
For the Phe-U system, the slope of the curve does 
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Fig.1. Solubility curves for nucleosides in amino acid solu- 
tions. Solubility curves of guanosine in Ser (X), Val (A) and 
Lys (o) and of adenosine in Gly (0) and Phe (0) are given. 
AU the curves are least square lines of the mean of two 
readings for each point. 
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Pig.2. Solubility curves for amino acids in nucleoside solu- 
tlons. Solubility curves of Phe in uridme (X) and cytidmc (o) 
are given. 
not fit eq. (1) and hence K, was calculated using 
eq. (2). The K, values (defined as l/Kd) are given in 
table 1. 
In monomer-monomer systems one cannot expect 
to observe ‘specificity’ of the sort implied in the 
biological usage of the term but there should be 
‘selectivity’ of some sort even at this simplest level 
[ 171. This type of selectivity of interaction can be 
seen in the data presented in table 1, In addition to 
the experimental convenience. by choosing nucleoside 
rather than nucleotide, we have eliminated the 
possibility of electrostatic interactions involving the 
phosphate group, though we are neglecting backbone 
interactions involving phosphate groups. The pH range 
used was such that nucleosides were uncharged. The 
presence of 0.3 M NaCl in the system reduced non- 
specific electrostatic interactions to a large extent. 
From table 1. it is evident that even structurally and 
functionally related amino acids [ 181 such as Ser and 
Thr, and Val and Leu, do show difference in affinity 
towardsG. Thus it seems quite resonable to ascribe the 
specificity of observed amino acid-nucleoside inter- 
actions mainly to factors other than electrostatic ones. 
Obviously the specificity is determined by the nature 
of the amino acid side chain as well as of the base. 
In general, the interaction of the purines with 
amino acidsincreases with increasing ‘hydrophobicity’ 
[ 19,20] of the amino acid side chain. Such a correla- 
tion was also observed [ 171 in a study of selectivity 
coefficients obtained from the elution patterns of 
nucleotides through a resin-bound amino acid column. 
The much higher Ka values for aromatic amino acids 
compared to others indicate the possible role of 
stacking interactions in stabilizing purine-aromatic 
amino acid complexes. The greater interaction of Trp 
compared to Phe also seems to be partly due to the 
greater stacking interaction. From solubility data. 
purine-amino acid interaction was concluded [ 151 
to be determined mainly by hydrophobic and stack- 
ing forces. One may cautiously extrapolate our results 
to say that in nucleic acid-protein complexes purine 
rich regions of nucleic acid may be recognized by the 
hydrophobic regions of the protein. In the case of 
pyrimidines. we do not make any generalization 
because of the insufficiency of data. But one striking 
Table 1 
Assoctation constants (Ka) for amino acid-nucleoside systems at 20°C (W’) 
Amino acid 
Nucleoside 
_ 
Guanosine 
Adenosine 
Cytidme 
Uridine 
Ser Thr ClY Val Leu Met Lys Phe Trp 
0.347 0.449 0.449a 0.581 0.777a 1.277a 1.268 2.486a 13.733” 
0.039 0.213 0.550 3.115 8.634 
1.087 2.612 
427.57’ 0.601 
a At 25°C 
b Value obtained by assummg 1:2 (U-Phe) stoichiometry and expressed in Mm” 
The K, values were calculated from the least square fit slope and intercept of the mean of the two readings for each point of the 
solubllity curves 
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observation is that the Phe-U complex does not con- 
form to a 1: 1 composition and it has a very high K, 
value compared with Trp-U system and other Phe- 
nucleoside systems. The K, value (M-‘) for Phe-U 
system can be compared with other K, values (M-i) 
by taking its square root by assuming a stepwise for- 
mation of a 2: 1 complex with more or less the same 
affinity. Even this normalized value is higher than 
other K, values. The possible implication of this find- 
ing to the understanding of the evolution of genetic 
code will be discussed separately. 
It is unnecessary to mention that factors other 
than hydrophobic and stacking forces are also impor- 
tant in protein-nucleic acid interaction. First, we 
have neglected the effect of the phosphate group by 
choosing nucleosides instead of nucleotides. In fact, 
the binding of Gly and Lys to nucleotides was observed 
[ 171 to be predominately ionic in nature. NMR 
studies have shown that in mononucleotide-dipeptide 
systems, even the position of the phosphate group 
influences binding [2l].The mononucleotide-dipeptide 
interaction also depends on the chirality of the 
dipeptide [21]. Thus a wide variety of factors can 
contribute to the specificity of protein-nucleic acid 
interaction, even though from the present study we 
can see only the effects of hydrophobicity of the 
amino acid, nature of the base, and stacking. The 
highly co-operative nature of polymer-polymer 
interaction magnifies the weak but specific interac- 
tion at monomer-monomer level leading to a highly 
specific recognition. 
The study of amino acid-nucleic acid interaction 
is a necessary first step for understanding the origin 
and evolution of genetic code. The stereochemical 
theory of amino acid-codon relationship proposed 
[22] assumes a direct association of ammo acids with 
polynucleotides at the early stages of the evolution 
of the code when there were no activating enzymes. 
Such a direct interaction in the absence of any catalyst 
might be due to the selective interaction of amino 
acid with some nucleotide sequence, determined by 
the physico-chemical characteristics of the two com- 
ponents. The two possibilities that have been suggested 
are ammo acid-codon interaction and amino acid- 
anticodon interaction [ 1,2]. The rudimentary preferen- 
tial scheme observed in our data may be interpreted 
so as to support the above views. Thus the very high 
K, value for the Phe-U complex compared to other 
Phe-nucleoside complexes and the Trp-U complex 
suggests a highly specific recognition of Phe by its 
present day codon UUU as the first step in evolution 
of the Phe-UUU codon relationship. Further uracil 
has been observed [ 14 to interact more strongly 
with Phe than with other hydrophobic amino acids. 
But the same argument does not seem to apply to Gly 
as it is one of the amino acids with the least affinity 
for G. However the Gly-G complex is -1O-times 
more stable than the Gly-A complex. Moreover 
under our experimental conditions the electrostatic 
interactions which are mainly responsible for stabi- 
lizing Gly-nucleotide complexes are diminished to a 
very large extent [ 173. It was argued [4] that since 
Gly has no side-chain, the preferred codon for Cly 
would be the one with the maximum base stacking 
tendency and since GMPhas this property to a greater 
extent that other mononucleotides, Gly should be 
coded as GGG. But it was suggested [181 that Gly 
may be associated with the anticodon base C, the 
least hydrophobic of all bases. In fact, NMR measure- 
ments on mononucleotide-dipeptide systems have 
shown that Gly prefers C to G [21]. Unfortunately, 
solubility data cannot be obtained for Gly-pyrimid- 
ine systems because of the high solubility of pyrimid- 
ines and hence at present we cannot draw any con- 
clusion about Gly. In the case of Lys, ionic interactions 
are much more predominant and hence such relation- 
ships are not evident from our data. However, it may 
be possible to demonstrate such amino acid-codon 
relationships by suitably modifying the experimental 
system. Nevertheless the present results do indicate 
the potentiality of solubility method in establishing 
amino acid-codon relationships particularly in cases 
where non-ionic interactions are predominant. 
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